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Abstract
Purpose: To develop and validate an acquisition and processing technique that enables fully
self-gated 4D flow imaging with whole-heart coverage in a fixed five-minute scan.
Theory and Methods: The data are acquired continuously using Cartesian sampling and
sorted into respiratory and cardiac bins using the self-gating signal. The reconstruction is per-
formed using a recently proposed Bayesian method called ReVEAL4D. ReVEAL4D is validated
using data from eight healthy volunteers and two patients and compared with compressed sens-
ing technique, L1-SENSE.
Results: Healthy subjects − Compared to 2D phase-contrast MRI (2D-PC), flow quantifica-
tion from ReVEAL4D shows no significant bias. In contrast, the peak velocity and peak flow
rate for L1-SENSE are significantly underestimated. Compared to traditional parallel MRI-
based 4D flow imaging, ReVEAL4D demonstrates small but significant biases in net flow and
peak flow rate, with no significant bias in peak velocity. All three indices are significantly and
more markedly underestimated by L1-SENSE. Patients − Flow quantification from ReVEAL4D
agrees well with the 2D-PC reference. In contrast, L1-SENSE markedly underestimated peak
velocity.
Conclusions: The combination of highly accelerated five-minute Cartesian acquisition, self-
gating, and ReVEAL4D enables whole-heart 4D flow imaging with accurate flow quantification.
Keywords: 4D flow, phase-contrast, self-gating, Cartesian, Bayesian, CMR
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INTRODUCTION
Cardiovascular Magnetic Resonance (CMR) is a powerful imaging tool that provides comprehensive
evaluation of the cardiovascular system, including hemodynamic assessment, using phase-contrast
MRI (PC-MRI) (1). For routine clinical examinations, PC-MRI is generally limited to planar
imaging and encodes only a single component of the blood velocity vector. While effective in
answering certain clinical questions, PC-MRI suffers from limited coverage, requires precise slice
prescription, and may not adequately capture complicated or pathological flow dynamics (2, 3).
Consequently, 4D flow imaging has emerged as a more comprehensive alternative for measuring
hemodynamics (4). Extending the principles of PC-MRI, 4D flow imaging provides full volumetric
and temporally resolved mapping of the three-dimensional velocity vector, offering an advantage
over PC-MRI with regard to anatomical coverage and hemodynamic visualization. Post-processing
enables retrospective interrogation of arbitrary slice planes, long after the patient is removed from
the magnet. Advanced hemodynamic parameters can also be calculated which may carry additional
prognostic value (5, 6, 7). As a result, 4D flow imaging has repeatedly been demonstrated to
provide clinical information in the diagnosis and assessment of patients with congenital (8, 9, 10)
and non-congenital (2, 11, 12) heart disease.
Despite its advantages, clinical adoption of 4D flow imaging has been hampered by prohibitively
long acquisitions times. Recent developments in data acquisition and reconstruction, however, have
afforded substantial improvements in achievable acceleration, bringing 4D flow imaging a step closer
to routine practice. Expanding upon conventional parallel imaging methods (13, 14), Bollache et
al. demonstrated a five-fold acceleration for 4D flow imaging of the aorta using PEAK-GRAPPA,
achieving a nominal two-minute acquisition time without respiratory gating (15). Leveraging com-
pressed sensing (CS), Ma et al. coupled randomized sampling with a wavelet penalty to recover
4D flow images of the aorta with 7.7-fold acceleration (16). Similarly, Knoblock et al. exploited
complex difference sparsity in conjunction with temporal principal component analysis yielding an
eight-fold acceleration for imaging the carotid bifurcation (17). Rich et al. used Bayesian modeling
to enable 4D flow imaging of the aortic valve in a single breath-hold, achieving acceleration rates
as high as 27 (18).
Most contemporary 4D flow imaging techniques are based on free-breathing segmented acqui-
sition, requiring real-time monitoring of physiological motion states. Electrocardiogram (ECG) is
typically recorded and used to retrospectively synchronize and populate k-space data across mul-
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tiple cardiac phases. The respiratory motion is compensated using navigator-based respiratory
gating (19). Within the past several years, significant advancements have been made towards accel-
erated, free-running (e.g., non-gated and free-breathing) dynamic volumetric imaging (20, 21, 22).
Generally, these methods share several common characteristics, including golden angle incremented
sampling (23), CS-inspired reconstruction (24), and self-gating (25, 26). Unlike segmented acqui-
sition with prospective gating, data-driven self-gating provides the flexibility to distribute the data
across arbitrary numbers of cardiac and respiratory phases, which enables the temporal resolution,
net acceleration, gating efficiency, and extent of respiratory artifacts to be adjusted post-acquisition.
Early work combining self-gating with 4D flow imaging was proposed by Uribe et al. (27),
whereby interleaved self-gating readouts were analyzed in real-time for respiratory gating in a way
analogous to navigator-based gating. More recently, Cheng et al. proposed XD-FLOW (28) which
coupled Butterfly navigators (29) with ECG for retrospective multi-dimensional reconstruction of
contrast-enhanced 4D flow imaging in pediatric patients with a mean acquisition time of approxi-
mately nine minutes. Bastkowski et al. (30) were the first to achieve fully self-gated 4D flow imaging
in the aorta using a golden angle incremented stack of spirals sampling within a fixed 15-minute
exam. Finally, Walheim et al. (31) proposed locally low rank reconstruction of 5D flow datasets
using pseudo-spiral Cartesian sampling and respiratory self-gating to achieve aortic imaging from
a four-minute acquisition. Despite these recent developments, contrast-free, rapid 4D flow imaging
with whole-heart coverage and isotropic resolution remains a challenge.
In this work, we propose a comprehensive whole-heart 4D flow imaging framework. The inte-
gration of the following three features comprise the technical innovation: (i) a Cartesian sampling
pattern which promotes incoherence and uniformity by pseudo-random advancement in both angu-
lar and radial directions, (ii) cardiac and respiratory self-gating signals derived from a Cartesian
sampling pattern for 4D flow, and (iii) reconstruction via the ReVEAL4D algorithm (18) that uses
Bayesian modeling to jointly reconstruct velocity encodings. The result is a self-gated, contrast-free
whole-heart 4D flow imaging that can be completed in a fixed five-minute acquisition time and pro-
vides accurate flow quantification with respect to conventional phase-contrast and navigator-gated
4D flow imaging.
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THEORY
Incoherent Cartesian Sampling
In this section, we describe a pseudo-random Cartesian sampling pattern for 4D flow imaging.
Given a ky-kz k-space grid with matrix size ny × nz, readout indices are initially defined in a polar
coordinate space parameterized by azimuthal angle, θ, and radius, r. Beginning with arbitrary
initialization, angular indices are incremented by the golden ratio, (gθ = (
√
5 + 1)/2), yielding
θ(e, i+ 1) = 2pi (2− gθ)
(
i+
e− 1
E
)
, [1]
where i denotes the current sample index, E is the number of velocity encodings, and e = 1, 2, · · · , E
is the velocity encoding index. Radial indices are advanced according to a second, mutually irrational
number, gr, yielding
r(i+ 1) = mod
(
r(i) + grrmax, rmax
)
, [2]
where rmax = max
(⌊
ny
2
⌋
,
⌊
nz
2
⌋)
represents the maximum allowed radius and gr is set to 3
√
35.
Consequently, both angular and radial indices evolve in a cyclic and mutually incoherent manner.
Variable density is enabled through transformation of the radial indices obtained in Eq. 2 according
to
r˜(i) = S{r(i)}, where [3]
S{r} := (r + c)d − cd. [4]
Here, S represents the tuneable, nonlinear scaling operation that controls sampling density in k-space
and is parameterized by the user-defined constants c and d, here empirically set to 4
√
(ny × nz)/4
and 1.5, respectively.
Generated polar coordinates are then mapped to the ny × nz Cartesian grid to obtain ky-kz
sampling indices as
ky(e, i) = round
( r˜(i)
max(r˜)
⌊ny
2
− 1
⌋
sin (θ(e, i)) +
⌊ny
2
+ 1
⌋)
, [5]
kz(e, i) = round
( r˜(i)
max(r˜)
⌊nz
2
− 1
⌋
cos (θ(e, i)) +
⌊nz
2
+ 1
⌋)
, [6]
where ky(e, i) and kz(e, i) represent the ith readout indices in the phase-encoding and slice-encoding
directions, respectively, from the eth encoding. A representation of the described sampling is illus-
trated in Figure 1. Once readout indices are generated, the self-gating lines passing through the
center of k-space are injected at regular intervals, yielding the final sampling pattern.
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Physiological Motion Signal Extraction and Binning
The mean signal intensity contained within a given imaging volume (e.g. the DC component) is
encoded in the amplitude of the center point, k0, in k-space. Physiological processes, such as the
cardiac and respiratory cycles, are known to modulate the k0 amplitude via changes in the blood
pool volume and organ displacement, granting insight into the current physiological state (25).
Acquisition of a readout passing through k0 extends this concept, providing not only the overall
signal modulation, but also displacement information along a salient imaging dimension. Repetitive
readouts through the center of k-space thus may provide a reliable way to track these physiological
motion components.
To obtain surrogate signals for cardiac and respiratory motion, the interleaved self-gating readout
lines from the sampling pattern described above are extracted from the raw k-space and Fourier
transformed yielding a series of complex-valued 1-D projections in the image domain. The magnitude
of projections is then organized chronologically into a (nRO ×nC) × nL Casorati matrix, M , where
nRO, nC , and nL correspond to readout length, number of channels, and number of acquired self-
gating lines, respectively. Because spectral components of the cardiac and respiratory profiles tend to
reside within relatively narrow and predictable temporal frequency bands, temporal filtering provides
an effective way to mitigate noise, eliminate erroneous and non-physiological signals, and enforce
separation between the physiological components. To this end, two parallel filtering operations are
performed along the jth row of M , M(j)
MC(j) = M(j)⊗ FC , [7]
MR(j) = M(j)⊗ FR, [8]
where FC and FR represent finite impulse response band-pass filters chosen with frequency cutoffs
corresponding to physiological knowledge of the cardiac (τC,low, τC,high) and respiratory (τR,low,
τR,high) motion signal components. The operator ‘⊗’ denotes linear convolution. The filtering
process is repeated for all values of j = 1, 2, ..., (nRO ×nC). A principal component analysis is then
performed on each filtered Casorati matrix, MC and MR, yielding
vC = V
(
MC
)
, [9]
vR = V
(
MR
)
, [10]
where vC and vR are vectors of size nL and represent the surrogate signals for cardiac and respiratory
5 / 34
motion, respectively, and V(.) denotes extraction of the right-singular vector corresponding to the
largest singular value.
Once extracted, the cardiac surrogate signal undergoes a trigger detection process prior to data
binning. First, zero-crossings with largest absolute slope, |vC(l + 1)− vC(l)| for l ∈ 1, 2, ..., nL, are
identified for each cardiac cycle. The peak that immediately precedes an identified zero-crossing
is selected as a trigger point for that RR interval. If desired, vC may be initially interpolated
for increased precision. Finally, detected triggers are used to segment each cardiac cycle into a
user-defined number of cardiac phases and to assign each readout to a cardiac phase.
To compensate for respiratory motion, a generalized soft-gating approach is used (32). The
relative amplitude of the respiratory surrogate signal, vR, is used to define a weighting function that
penalizes the relative contributions of measured k-space lines during the reconstruction process. The
respiratory weighting function with center, µ, and order, p ≥ 1, may be defined for the ith readout
as
W (i) = exp
{
−(v˜R(i)− µ)
p
φ
}
, [11]
where v˜R represents an interpolated version of vR such that v˜R(i) is defined for every readout
and not just the self-gating readouts. The center, µ, selects the desired respiratory state. The
order, p, determines the shape of function, W . The width of W is controlled by the parameter, φ;
the value for φ may be automatically calculated to achieve a desired respiratory efficiency, where
efficiency, in percent, is computed as 100 ×∑nSi=1 W 2(i)nS , where nS is the total number of acquired
k-space readouts. Alternatively, φ can be chosen to achieve a specific acceleration rate, computed as∑nS
i=1
nM
W 2(i)
, where nM represents the number of elements in the imaging matrix. If reconstructing
m > 1 respiratory phases is desired, multiple weighting functions may be defined with different
values of µ1, · · · , µm and φ1, · · · , φm for a given dataset. The self-gating signal extraction and
processing pipeline described in this section is summarized in Figure 2.
METHODS
MR Acquisition - Healthy Subjects
The proposed 4D flow imaging pipeline was validated in eight healthy subjects (age range, 20–46
years; two female) prospectively recruited for this study. Each subject provided informed, written
consent in accordance with the local ethics board prior to scanning. All subjects were imaged using a
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clinical 3T MR system (MAGNETOM Prisma, Siemens Healthcare, Erlangen, Germany) equipped
with a 18-channel chest coil and spinal array.
Whole-heart 4D flow imaging
The prototype 4D flow imaging sequence was based on a spoiled gradient echo readout with an
asymmetric four-point encoding scheme and was acquired free-running and free-breathing for a
fixed acquisition time of five-minutes; sampling, as described in the Theory section, was generated
inline with self-gating lines acquired every nine readouts. The imaging volume was prescribed as a
sagittal slab covering the whole-heart and aortic arch with fixed matrix size of 96×96×56 (readout
× phase encoding × slice encoding); readout was oriented along the superior-inferior (SI) direction.
Spatial resolution was subject-dependent but kept isotropic between 2.3 and 2.6 mm. Other relevant
acquisition parameters are summarized in Table 1.
2D phase contrast
As reference for measured flow indices, breath-held (expiration), segmented 2D phase-contrast (2D-
PC) images were acquired in all subjects using typical clinical protocols, with retrospective ECG
gating (20 cardiac phases) and GRAPPA (R = 2) reconstruction. Slice planes were prescribed
transecting the ascending aorta (Aao), main pulmonary artery (MPA), right pulmonary artery
(RPA), and left pulmonary artery (LPA) (Figure 3). Each vessel was imaged a total of three
times over the course of the exam to account for natural physiological flow variability. Additional
acquisition parameters are summarized in Table 1.
Navigator-gated 4D flow imaging
A secondary reference, herein referred to as 4D-GRAPPA, in the form of a vendor-provided, seg-
mented, 4D flow imaging prototype sequence was also acquired in all subjects. Images were acquired
during free-breathing with respiratory navigator gating (acceptance window ±5 mm), retrospective
gating (20 cardiac phases), and accelerated by GRAPPA (R = 3). The imaging volume was pre-
scribed as a single-oblique (sagittal to coronal) slab covering the entire aorta. Additional scan
parameters are listed in Table 1.
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MR Acquisition - Patients
The data using the proposed 4D flow sequence were acquired as an addendum to the clinically
prescribed CMR exam in two patients. The first patient (Patient 1) was a 37-year-old male with a
history of congenital pulmonary stenosis and right pulmonary artery stenosis post Blalock-Taussig
shunt and valvatomy. The second patient (Patient 2) imaged was an 80-year-old male with hyper-
tension, coronary artery disease, and a high burden of premature ventricular contractions. Patients
provided informed, written consent and the study was conducted in accordance with the local ethics
board and HIPAA regulations. Imaging was carried out on a 1.5T clinical scanner (MAGNETOM
Sola, Siemens Healthcare, Erlangen, Germany) equipped with a 12-channel cardiac receiver array
and spine coil.
Whole-heart 4D flow imaging
The prototype self-gated 4D flow imaging sequence previously described for the 3T MR system was
adapted to the 1.5T system for acquisition in patients. The sampling pattern, including self-gating
readouts every nine lines, was automatically generated on the scanner. Acquisitions were performed
free-running and free-breathing for a total of five minutes with an imaging volume prescribed as
a sagittal slab covering the whole-heart and great vessels. Readouts were oriented along the SI
direction. Acquisition parameters for 4D flow imaging are summarized in Table 2. Alongside 4D
flow acquisition, synchronous ECG signals were also recorded.
2D phase contrast
Breath-held 2D-PC images were acquired in both patients as a component of their CMR examina-
tion using typical clinical protocols, retrospective ECG triggering (20 cardiac phases), and rate-2
acceleration. In Patient 1, slice planes were prescribed transecting the Aao, MPA, RPA, and LPA;
in Patient 2, only the Aao was imaged. Acquisition parameters for 2D-PC are summarized in Table
2.
Binning and Image Recovery
Once the whole-heart 4D data were acquired, cardiac and respiratory motion surrogate signals, vC
and vR, were extracted from the self-gating lines as detailed in the Theory section. For FC and FR,
frequency cutoffs of [0.5, 3] Hz and [0, 0.5] Hz, respectively, were chosen. Data were binned into 20
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cardiac phases, yielding a temporal resolution from 43 ms to 65 ms (R-R intervals from 860 ms to
1300 ms) across all healthy subjects and 45 ms to 65 ms (R-R intervals from 904 ms to 1302 ms)
in patients. Bin widths were fixed per subject and determined from mean R-R interval. Beginning
from the first detected cardiac trigger, bins were propagated forward through the cardiac cycle in
a manner analogous to prospective triggering until (i) the bin edge reached the following trigger or
(ii) all 20 phases had been defined for the given cycle. This process was repeated for all detected
triggers. Arrhythmic or outlier heart beats, defined as greater than three standard deviations away
from the mean R-R interval, were discarded from consideration.
One weighting function,W , corresponding to end-expiration was defined for each subject. A two-
compartment Gaussian mixture model was fit to the v˜R histogram; the center, µ, of the respiratory
weighting function was determined as the mean of the most prominent component. This assumes
that the most populated part of the histogram belongs to end-expiration. The exponential order,
p, was set to 4, yielding a weighting function similar to the one shown in Figure 2. Width of
the weighting function, φ, was automatically chosen such that respiratory efficiency (see Theory)
was fixed at 50% for all subjects. In the event of duplicate binned k-space samples, the sample
corresponding to the maximum respiratory weight, W , was selected; remaining duplicates were
discarded.
The binned and weighted k-space data were reconstructed using the recently proposed Re-
VEAL4D algorithm (33, 18). ReVEAL4D exploits spatio-temporal sparsity in the wavelet domain
as a means of regularization. Additionally, ReVEAL4D explicitly enforces magnitude and phase
similarities between velocity encodings, while preserving phase differences encoded within regions of
flow so as to jointly reconstruct the flow compensated and flow encoded images. ReVEAL4D itera-
tively computes the minimum mean squared estimate for the Bayesian signal model using the GAMP
message passing algorithm (34). For comparison, all binned k-space were additionally reconstructed
using the conventional L1-SENSE CS framework (35), whereby enforcing only spatio-temporal spar-
sity in the wavelet domain was used as a regularizer. The implementation of L1-SENSE was based
on the bFISTA solver (36). The tuning parameters for ReVEAL4D and L1-SENSE were empirically
chosen based on performance in an additional dataset not included in this study. Tunable parame-
ters for ReVEAL4D included wavelet regularization strength, λ, extent of inter-encoding mismatch
due to departure from ideal physics, σ2, and voxel-wise prior probability for the presence of flow,
γ (18). The values of these parameters were manually optimized using two additional datasets not
included in this study and set at λ = 1.5, σ2 = 0.01, and γ = 0.95. One parameter, λ, was tuned
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for L1-SENSE and set at 5× 10−4.
In both reconstructions, coil sensitivities were estimated from time-averaged k-space using a
method by Walsh et al. (37). Reconstructions were implemented offline in custom MATLAB
software (Mathworks, Natick, MA) utilizing combined GPU/CPU computation on a Windows 10
workstation equipped with an Nvidia RTX 2080 Ti GPU and 10-core Intel Xeon W-2155 CPU.
Typical reconstruction times for ReVEAL4D were approximately 2.5 hours per subject. Acceleration
rates for the whole-heart 4D flow imaging datasets ranged from approximately 19 to 20 in healthy
subjects and 23 to 26 in patients, which did not include the additional undersampling due to the
asymmetric echo.
Post-processing and Analysis
Reconstructed whole-heart 4D flow images were converted to DICOM and flow quantification was
performed in Siemens 4D Flow v2.4 prototype software (Siemens Healthcare, Erlangen, Germany).
For the healthy subject study, six analysis planes were defined transecting the Aao, MPA, RPA, and
LPA, as well the aortic arch (Arch) and descending aorta (Dao) (Figure 3). Planes transecting the
Aao, MPA, RPA, and LPA were manually selected to best match corresponding planes acquired with
2D-PC. The contours were semi-automatically drawn for each vessel for flow quantification. Identical
analysis planes and contours were used for both the ReVEAL4D and L1-SENSE reconstructions.
The conventional aortic 4D flow images were similarly segmented along the Aao, Arch, and Dao,
using the same analysis planes defined for the whole-heart images. The 2D-PC images (three
repeats of Aao, MPA, RPA, and LPA, per subject) were semi-automatically segmented and analyzed
using the freely-available software, Segment v2.2 R7056 (http://segment.heiberg.se) (38). Velocity
and pathline visualizations were generated using the cvi42 4D flow module (Circle Cardiovascular
Imaging, Calgary, Canada). Segmentation of the whole-heart 4D flow and 2D-PC images was
analogously performed for the patient study, wherein the Aao, MPA, RPA, and LPA were segmented
in the first patient, and the Aao segmented in the second. Patient images were interpolated to 2.5
mm isotropic spatial resolution prior to segmentation and analysis.
Prior to flow quantification, all images were corrected using a recently proposed background
phase correction method (39). Phase-aliasing correction was performed when necessary. Net
volumetric flow, peak through-plane velocity, and peak volumetric flow rate were calculated as the
flow indices of interest. Peak velocities were calculated following local 3× 3× 3 median filtering to
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guard against erroneous inclusion of noise pixels.
In healthy subjects, indices derived from 2D-PC were taken as the average of the three repeti-
tions. Correlation statistics of the flow indices derived from the whole-heart 4D flow images were
calculated with respect to 2D-PC and conventional 4D flow imaging. Bland-Altman analysis was
additionally performed, treating 2D-PC and conventional 4D flow imaging as separate references;
bias and limits of agreement (LOA) were reported in terms of percent error. Biases were reported
as significant for P -value, P < 0.05, via independently performed paired t-tests. Reported statistics
represent an aggregate of quantified vessels. In patients, net flow, peak through-plane velocity, and
peak flow rate were quantified in the analyzed vessels. Indices derived from whole-heart 4D flow
and 2D-PC were reported for each patient and vessel. Volumetric flow rate curves encompassing
the complete cardiac cycle were also reported.
Additionally, cardiac SG signals were compared with the ECG signals recorded from both pa-
tients during acquisition. Mean R-R interval was calculated from accepted triggers for the SG and
ECG signals over the five-minute scan duration. Trigger precision error of the SG signal with respect
to ECG was also evaluated according to the following formula:
Precision Error = stdev(TTSG(t)− TTECG(t)), [12]
where TTSG and TTECG represent trigger times from SG and ECG, respectively, stdev(∗) is the
standard deviation, and t indicates the cardiac cycle index of accepted SG triggers with a corre-
sponding ECG trigger present within a ±200 ms search window centered at the SG trigger time.
RESULTS
Healthy subjects
Figure 4 shows the comparison between net flow (top row), peak through-plane velocity (middle
row), and peak flow rate (bottom row) quantified from the reconstructed whole-heart 4D flow imag-
ing and 2D-PC images, aggregated for the Aao, MPA, RPA, and LPA (N = 32). The ReVEAL4D
reconstruction demonstrated strong agreement with respect to the 2D-PC reference for all indices.
Bland-Altman analysis statistics (bias±LOA, in% error) give−1.4±14.4% for net flow, −1.2±20.0%
for peak through-plane velocity, and −0.3±13.4% for peak flow, with non-significant biases relative
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to 2D-PC. For L1-SENSE reconstruction, the underestimations were more pronounced, yielding
−4.4 ± 17.6% for net flow, −8.7 ± 21.4% for peak through-plane velocity, and −9.2 ± 16.6% for
peak flow. The resulting biases relative to 2D-PC were significant for peak through-plane velocity
(P < 0.0001) and peak flow (P < 0.0001). These results are additionally corroborated by the given
correlation plots.
Likewise, Figure 5 compares the measured flow indices quantified from the proposed whole-heart
4D flow image reconstructions and conventional 4D-GRAPPA in the aggregated Aao, Arch, and
Dao (N = 24). For ReVEAL4D reconstruction, Bland-Altman analysis statistics are: −4.9± 16.5%
for net flow, −2.5 ± 21.6% for peak through-plane velocity, and −5.8 ± 13.8% for peak flow, with
small but significant biases for net flow (P = 0.0106) and peak flow (P = 0.0006). For L1-SENSE
reconstruction, the underestimations were more pronounced, yielding −5.5 ± 16.9% for net flow,
−11.2 ± 20.3% for peak through-plane velocity, and −10.8 ± 14.4% for peak flow. The resulting
biases relative to 4D-GRAPPA were significant for net flow (P = 0.0051), peak through-plane
velocity (P < 0.0001) and peak flow (P < 0.0001). Similarly, these results are also corroborated by
the presented correlation plots.
Representative magnitude images superimposed with velocity vectors from the left ventricu-
lar outflow tract (LVOT) and four-chamber view (4ch) are shown in Figure 6A-D at individually
salient cardiac phases. Compared with L1-SENSE reconstruction, ReVEAL4D provided noticeably
increased velocity estimation in the LVOT and 4ch views (white arrows), in agreement with the
results presented in Figures 4 and 5. Whole-heart pathline visualization at a systolic frame is shown
in Figure 6E. Figure 7 shows velocity maximum intensity projections of the aorta, segmented from
the conventional 4D flow imaging, L1-SENSE, and ReVEAL4D images at two different systolic
frames corresponding to peak flow rate in the Aao (top row) and Dao (bottom row). White arrows
highlight clear velocity discrepancies between L1-SENSE and ReVEAL4D reconstructions, whereby
ReVEAL4D results in more similar velocity estimation with respect to the conventional 4D flow
imaging reference, 4D-GRAPPA.
Patients
Figure 8 depicts volumetric flow rate curves for each vessel analyzed in both patients. Flow rates
are shown for whole-heart 4D flow imaging (L1-SENSE and ReVEAL4D) and compared with con-
ventional 2D-PC. In Patient 1 (Figure 8A), L1-SENSE and ReVEAL4D both demonstrate good
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agreement with respect 2D-PC in the Aao, MPA, RPA, and LPA. Similar agreement between L1-
SENSE/ReVEAL4D and 2D-PC may be observed in the Aao analyzed from Patient 2 (Figure 8B).
Table 3 summarizes the flow indices, net flow, peak through-plane velocity, and peak flow rate
quantified from whole-heart 4D flow imaging and the 2D-PC reference. Peak flow rate represents
the flow index with greatest mean absolute error between ReVEAL4D and 2D-PC, with a mean
error of 10.8 mL/s and range from -0.8 mL/s to 22 mL/s across the two patients. Similarly, L1-
SENSE exhibited the greatest error in peak through-plane velocity estimation, with a mean error
of -19.1 cm/s ranging from -30.7 cm/s to -8.1 cm/s. Mean errors for the remaining flow indices
are reported as follows: net flow and peak velocity derived from ReVEAL4D are -0.5 mL and -3.8
cm/s, respectively; net flow and peak flow rate derived from L1-SENSE are -2.6 mL and -0.3 mL/s,
respectively.
Comparisons between synchronously acquired ECG and SG triggers along with signal traces
covering a 30-second period are given for each patient in Figure 9. In Patient 1, triggers from
ECG and SG result in the same R-R interval of 904 ms; precision error of the SG triggers with
respect to ECG as computed from Equation 12 was found to be 23.5 ms. Likewise in Patient 2,
R-R intervals are 1299 ms and 1302 ms from ECG and SG, respectively with a precision error of
14.9 ms. Note the high burden of premature ventricular contractions (PVCs) in Patient 2 (blue
triangles); an example of a PVC successfully eliminated by the previously described arrhythmia
rejection criterion is marked by an asterisk.
DISCUSSION
This study addresses several technical challenges that have historically contributed to the lack of
clinical adoption of 4D flow imaging. Our comprehensive framework combines key innovations for
4D flow imaging: (i) a flexible Cartesian sampling with on-scanner implementation, (ii) full cardiac
and respiratory self-gating, and (iii) ReVEAL4D reconstruction to enable a fixed five-minute whole-
heart 4D flow examination with minimal setup overhead.
Compared to other recent methods, the proposed sampling method offers several advantages.
First, the method does not require solving an optimization problem (21) and can be implemented
using a few lines of code, enabling instantaneous, inline computation of the sampling pattern. Sec-
ond, for the proposed sampling method, the ACS region grows progressively with data acquisition,
and the sampling density is parametrically controlled, avoiding the need to explicitly specify the
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size of the ACS region, the number and size of concentric rings, or acceleration rate (40). Third,
since the proposed method avoids sampling along radially incrementing leaflets, it provides a more
uniform coverage of the k-space over a given time window. One limitation of the proposed sampling
method is the reliance on several user-defined parameters controlling, for instance, angular or radial
incrementation and degree of variable density. In this work, parameters were empirically selected
based on apparent uniformity of the distribution, but these parameters can be further optimized.
Prior work has demonstrated that phase-contrast and 4D flow imaging can be susceptible to
flow and velocity underestimation at high acceleration rates. Bollache et al. reported 10% and 13%
underestimation in the quantification of flow and peak velocity, respectively, using a k-t acceler-
ation method, while Ma et al. reported up to a 13% underestimation in peak velocity and peak
flow rate using a CS method (16). In contrast, the proposed framework produces excellent agree-
ment in net volumetric flow, peak velocity, and peak flow rate with respect to our references. Flow
and velocity underestimation using ReVEAL4D is non-significant or minor at high acceleration,
with ReVEAL4D outperforming conventional CS (L1-SENSE) overall. The superior performance
of ReVEAL4D can be attributed to explicitly modeling the expected magnitude-phase relationship
between velocity encodings (33). Specifically, ReVEAL4D enforces voxel-wise magnitude and phase
similarity between encodings in stationary tissue and only magnitude similarity in regions of flow,
leaving phase unconstrained. These soft constraints are incorporated along with spatio-temporal
wavelet sparsity as a Bayesian prior. Together, these data suggest the proposed framework may
provide a rapid, free-running approach to 4D flow imaging without significantly sacrificing quan-
tification accuracy. Although one respiratory phase was reconstructed in this work, the soft-gating
function in Eq. 11 readily generalizes for respiratory-resolved 5D flow imaging (31), at the cost of
increased computational complexity.
Flow quantification performance was first investigated in eight healthy subjects and compared
with 2D-PC and conventional 4D flow imaging. As shown in Figures 4 and 5, both reconstruction
methods yielded comparable LOA with respect to 2D-PC and 4D-GRAPPA; collectively, LOA were
within 17%, 22%, and 16% for net flow, peak velocity, and peak flow rate, respectively. While Re-
VEAL4D reconstruction showed non-significant bias in flow metrics with respect to 2D-PC, small,
significant underestimations were observed with respect to 4D-GRAPPA in net flow and peak flow
rate. The biases, however, were smaller compared to those of L1-SENSE. This discrepancy between
the 2D-PC and 4D-GRAPPA references could potentially be attributable to several factors includ-
ing natural physiological variation, the use of multiple averages for 2D-PC measurements, slightly
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higher temporal resolution for 4D-GRAPPA, and residual respiratory motion artifacts owing to
the ±5 mm navigator acceptance window. Moreover, lengthening the scan duration may reduce
these biases owing to the reduced acceleration factor; however, this comes at the cost of longer
examinations and increases the risk of image corruption from bulk patient motion. Our data also
suggest that there may be subtle differences in flow patterns, as shown in Figures 6 and 7, between
L1-SENSE and ReVEAL4D. These flow differences may have a tangible impact on the calculation
of advanced hemodynamic parameters such wall shear stress or pressure gradient, although these
were not considered as part of this work.
Flow quantification was additionally evaluated in two cardiac patients and compared with 2D-
PC. Both reconstructions compared favorably with 2D-PC with the notable exception of a marked
underestimation of peak through-plane velocity derived from L1-SENSE, resulting in an average 19.1
cm/s underestimation. Analysis between ECG and SG triggers yielded comparable R-R intervals
with trigger precision errors of 23.3 ms and 14.9 ms in Patients 1 and 2, respectively. Large errors
in the SG triggers with respect to ECG would lead to temporal blurring due to mismatch between
the true cardiac phase and bin assignment, which may manifest as underestimation of volumetric
flow rate and velocity. For both patient scans, the precision error was smaller than the temporal
resolution; therefore, the impact of this temporal blurring on flow quantification is not expected to
be significant.
This work has several limitations. First, while the inversion is made computationally tractable
by approximate message passing (34), ReVEAL4D is still computationally intensive and may not be
practical in a clinical environment. As demonstrated by Ma et al. (16), one solution is to decouple
the frequency encode dimension and separately reconstruct each 2D problem in parallel, maximizing
available resources at the cost of decreased spatial sparsity. Second, the need to repeatedly acquire
self-gating readouts accounts for 11% (30 seconds) of total acquisition time which could otherwise be
spent acquiring additional samples. Decreasing the rate at which self-gating readouts are acquired
can improve efficiency but may negatively impact the precision of cardiac trigger detection. Third,
highly variable or irregular heartbeats can decrease the efficiency of our proposed cardiac binning
method. For heartbeats longer than the mean, samples in late diastole between the edge of the final
(20th) bin and next trigger point were discarded; for heartbeats shorter than the mean, the final bin
or bins were not fully populated, leading to higher acceleration rates for those bins. This approach
does not involve compressing or stretching beats to a fixed R-R interval and thus avoids potential
flow distortions from beat-to-beat variations in the duration of the diastolic phase. Furthermore,
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an arrhythmia rejection criterion was applied which discards all samples from heartbeats with R-
R intervals substantially deviating from the mean. For instance, a total of seven heartbeats were
discarded from Patient 2 due to arrhythmia. While discarding these outlier beats sacrifices efficiency,
it offers a substantial robustness to arrhythmia, thereby preserving data consistency and avoiding
image corruption in these patients. Fourth, the proposed sampling pattern combined with cardiac
binning can lead to repeated sampling of the same indices of the k-space array. In this work, the
sample corresponding to the maximum respiratory weight was selected, while the other repeats were
discarded. However, all samples could be feasibly included, for example, through weighted averaging
of the repeat samples. Fifth, the self-gating pipeline applies temporal filtering to initially isolate the
cardiac and respiratory surrogate signals, which in our experience, generally improves the robustness
of PCA. However, this incorporates specific assumptions regarding heart rate and respiration which
may not hold universally across all patients. Adaptive spectral selection as described by Di Sopra
et al. (41) and singular spectrum analysis (42) have both been proposed to automate this process.
Sixth, the PCA-driven vR provides relative relationships between respiratory phases, with absolute
displacement obscured through the arbitrary scaling of the right singular vectors. Therefore, the
fixed respiratory efficiency of 50% does not account for individual respiratory patterns, potentially
resulting in variability of residual motion artifact between subjects. The cross-correlation method
proposed by Han et al. (21) may provide appropriate scaling in millimeters. Finally, at steady-state,
the large excitation volume and short TR saturates blood pool magnetization, effectively reducing
blood signal magnitude and blood-tissue contrast. While contrast is sufficient for vessel or intra-
chamber flow quantification, valve tracking or functional analysis may be challenging. Previous
work has explored the use of the exogenous blood pool agent, ferumoxytol, concomitant with 4D
flow imaging for contrast enhancement (28, 43). Alternatively, 4D flow imaging may be coupled
with accelerated, self-gated bSSFP 3D cine to meet application-specific requirements (41).
CONCLUSION
In this work, we have demonstrated a comprehensive whole-heart 4D flow imaging pipeline requiring
only five-minutes of total acquisition time to obtain accurate and reliable flow quantification. The
straightforward setup and short acquisition time are attractive qualities that may benefit the long-
term clinical translation and impact of comprehensive 4D flow examinations.
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FIGURES AND TABLES
Figure 1: Illustration of the Cartesian 4D flow sampling pattern as described in the Theory section
on a simplified 30 × 30 k-space grid. The first 15 indices for each velocity encoding are shown,
with initialization at the center. Self-gating indices are omitted for clarity. Each entry represents
a readout along kx. Dashed lines indicate radial lines for i = 7 and i = 8. Angular indices are
advanced by 2pi (2− gθ) ≈ 137.5◦, where gθ is the golden ratio.
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Figure 2: Self-gating (SG) signal extraction and processing pipeline. First, the interleaved self-
gating readout lines through the center of the ky-kz k-space plane are extracted and reorganized into
Casorati matrix, M . Two parallel filtering operations are performed along the temporal dimension
(rows) of M , followed by principal component analysis (PCA) to extract cardiac and respiratory
motion surrogate signals. Detected peaks (red triangles) are shown on the cardiac signal and used
for cardiac binning. The weighting function overlaid on the respiratory amplitude histogram is
centered at end-expiration and incorporated into the reconstruction process. Parameters used for
this example are as follows: TR = 3.95 ms, SG sampling frequency = 9TR, acquisition time = 5
min, readout direction = superior-to-inferior (SI), τC,low/τC,high = 0.5/3 Hz, τR,low/τR,high = 0/0.5
Hz, and respiratory efficiency = 50%. Only 30 seconds of the motion signals are shown for brevity.
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Figure 3: (A) Analysis planes defined for 4D flow and 2D phase contrast over which flow quantifi-
cation is performed. Representative volumetric flow rate profiles measured from the reconstructed
whole-heart 4D flow images compared with (B) 2D phase contrast (2D-PC) and (C) GRAPPA
accelerated and navigator-gated 4D flow called 4D-GRAPPA. Error bars corresponding to 2D-PC
represent the range over three repeats. L1-SENSE and ReVEAL4D reconstructions share identical
binned k-space and segmentation.
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Figure 4: Comparison of measured flow metrics (net flow, peak velocity, and peak flow rate) calcu-
lated from the reconstructed whole-heart 4D flow and 2D phase contrast (2D-PC) using correlation
and Bland-Altman analysis. Statistics are derived from the aggregate of Aao, MPA, RPA, and
LPA measurements in eight subjects. Individual 2D-PC measurements represent the mean of three
repeat acquisitions. Bland-Altman statistics are reported in terms of percentage error. Significant
biases (P < 0.05) are indicated by asterisks.
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Figure 5: Comparison of measured flow metrics (net flow, peak velocity, and peak flow rate) cal-
culated from the reconstructed self-gated, whole-heart 4D flow and conventional 4D flow using
correlation and Bland-Altman analysis. Statistics are derived from the aggregate of ascending
aorta, aortic arch, and descending aorta measurements in eight subjects. Bland-Altman statistics
are reported in terms of percentage error. Significant biases (P < 0.05) are indicated by asterisks.
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Figure 6: Reconstructed 4D flow images with velocity vector overlays from a representative subject.
Images reconstructed with L1-SENSE (top row) and ReVEAL4D (bottom row). Displayed images
are reformatted to (A,C) left-ventricular outflow tract, (B,D) four-chamber view, and (E) whole-
heart velocity pathline rendering of the same subject at systole using ReVEAL4D reconstruction.
White arrows highlight notable velocity discrepancies between the L1-SENSE and ReVEAL4D re-
constructions in the (C) ascending aorta and (D) mitral and tricuspid inflows. For each view, the
cardiac phase with most the salient flow features is shown.
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Figure 7: Aorta segmented from conventional and self-gated, whole-heart 4D flow images with
velocity magnitude overlay. The top and bottom rows depict different systolic frames with flow
predominantly in the ascending aorta and descending aorta, respectively. Arrows indicate regions
of depressed velocity in the L1-SENSE reconstructed image compared with ReVEAL4D and 4D-
GRAPPA.
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Figure 8: Volumetric flow rate curves analyzed from (A) Patient 1 and (B) Patient 2. Volumetric
flow rates are displayed for 2D-PC and the two reconstruction methods used for whole-heart 4D
flow (L1-SENSE and ReVEAL4D). The low flow observed in the RPA of Patient 1 was due to severe
stenosis in this vessel.
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Figure 9: Comparison between the derived SG signal and synchronous ECG acquired in patients.
Trigger points derived from ECG and SG are marked on the signal traces. Note the presence of
premature ventricular contraction (PVC) in Patient 2 (blue triangles) as visible in the ECG. An
example of an automatically rejected SG trigger coinciding with a PVC is denoted by the asterisk.
However, not all PVC triggers manifested in the SG signal, which captures the mechanical motion
of the heart.
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Subjects Eight healthy subjects, age range 20− 46, 2 female
Scanner MAGNETOM Prisma (3T)
SG 4D Flow 2D-PC 4D-GRAPPA
FOV [mm]
Frequency 220− 250 300− 400 360− 420
Phase 220− 250 160− 320 215− 260
Slice 129− 146 N/A 46− 52
Spatial Res. [mm]
Frequency
2.3− 2.6
(Isotropic)
1.9− 2.5 2.3− 2.6
Phase 2.5− 3.3 3.0− 3.5
Slice 6.0 2.3− 2.6
Temporal Res. [ms] 43− 65 † 43− 45 38
TE [ms] 2.2 2.4− 2.6 2.3
TR [ms] 4.0 4.3− 4.5 4.8
Flip Angle [degrees] 7 15 7
Receiver BW [Hz/px] 801 560 495
VENC [cm/s] 150 150 150
Respiratory Eff. [%] 50† Breath-held 31− 79
Acquisition Time 5 min 7− 14 s 4.6− 14.1 min
Acceleration Rate 19− 20 † GRAPPA, 2 GRAPPA, 3
Table 1: MR acquisition parameters in healthy subjects for the proposed self-gated 4D flow (SG
4D Flow), conventional 2D phase contrast (2D-PC), and conventional navigator-gated 4D flow
(4D-GRAPPA) protocols. Ranges indicate minimum and maximum values. Parameters given for
2D-PC represent the aggregate of all vessels/planes imaged. †Indicated values were determined
retrospectively after data acquisition.
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Patient 1 Patient 2
Description 37-year-old male with a 80-year-old male with coronary
history of congenital artery disease and premature
pulmonary artery stenosis. ventricular contraction burden.
Scanner MAGNETOM Sola (1.5T)
SG 4D Flow 2D-PC∗ SG 4D Flow 2D-PC
FOV [mm]
Frequency 300 380 320 380
Phase 300 285 320 285
Slice 179 N/A 185 N/A
Spatial Res. [mm]
Frequency 3.1 2.0 3.3 2.0
Phase 3.1 2.9 3.3 2.9
Slice 3.2 6.0 3.3 6.0
Temporal Res. [ms] 45† 42 65† 1184
TE [ms] 2.5 2.3 2.6 2.3
TR [ms] 4.4 4.2 4.6 4.2
Flip Angle [degrees] 7 15 7 15
Receiver BW [Hz/px] 801 501 801 501
VENC [cm/s] 200 150− 200 300 150
Respiratory Eff. [%] 50† Breath-held 50† Breath-held
Acquisition Time 5 min 8− 9 s 5 min 12 s
Acceleration Rate 23† GRAPPA, 2 26† GRAPPA, 2
Table 2: MR acquisition parameters used in the patient study for the proposed self-gated 4D flow
(SG 4D Flow) and conventional 2D phase contrast (2D-PC) protocols. ∗Ranges indicate minimum
and maximum values from the aggregate of all vessels imaged. †Values were determined retrospec-
tively after data acquisition. 4A lower temporal resolution was used to avoid corruption by cardiac
arrhythmia in this patient. The images were, however, reconstructed on a temporal grid with 20
cardiac bins.
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Patient 1
2D-PC L1-SENSE ReVEAL4D
Net Flow
[mL]
Pk. Vel.
[cm/s]
Pk. Flow
[mL/s]
Net Flow
[mL]
Pk. Vel.
[cm/s]
Pk. Flow
[mL/s]
Net Flow
[mL]
Pk. Vel.
[cm/s]
Pk. Flow
[mL/s]
Aao 91.4 106.6 442.2 91.3 88.1 459.5 86.8 95.3 450.8
MPA 65.8 161.1 428.5 60.1 152.9 420.5 62.6 161.3 427.7
RPA 8.3 74.9 29.9 3.5 56.4 34.2 8.8 73.3 51.9
LPA 68.0 99.4 308.6 64.4 79.6 297.5 73.4 92.8 322.4
Patient 2
Aao 92.6 109.4 395.4 93.8 78.8 391.4 92.0 110.0 405.6
Table 3: Summary of flow quantification in patients. Mean errors from L1-SENSE/ReVEAL4D with
respect to 2D-PC for each flow index are: -2.6/-0.5 mL (net flow), -19.1/-3.8 cm/s (peak velocity),
and -0.3/10.8 mL/s (peak flow rate). Note that only the Aao was scanned using 2D-PC in the
second patient. Here, peak through-plane velocity and peak volumetric flow rate are abbreviated
as Pk. Vel. and Pk. Flow, respectively.
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